Acute myocardial infarction (MI) due to coronary artery occlusion is accompanied by a pathological remodeling response that includes hypertrophic cardiac growth and fibrosis, which impair cardiac contractility. Previously, we showed that cardiac hypertrophy and heart failure are accompanied by characteristic changes in the expression of a collection of specific microRNAs (miRNAs), which act as negative regulators of gene expression. Here, we show that MI in mice and humans also results in the dysregulation of specific miRNAs, which are similar to but distinct from those involved in hypertrophy and heart failure. Among the MI-regulated miRNAs are members of the miR-29 family, which are downregulated in the region of the heart adjacent to the infarct. The miR-29 family targets a cadre of mRNAs that encode proteins involved in fibrosis, including multiple collagens, fibrillins, and elastin. Thus, down-regulation of miR-29 would be predicted to derepress the expression of these mRNAs and enhance the fibrotic response. Indeed, down-regulation of miR-29 with anti-miRs in vitro and in vivo induces the expression of collagens, whereas over-expression of miR-29 in fibroblasts reduces collagen expression. We conclude that miR-29 acts as a regulator of cardiac fibrosis and represents a potential therapeutic target for tissue fibrosis in general.
A cute myocardial infarction (MI) due to coronary artery occlusion represents a major cause of morbidity and mortality in humans (1) . The loss of blood flow to the left ventricular free wall of the heart after MI results in death of cardiomyocytes and impaired cardiac contractility. Scar formation at the site of the infarct and interstitial fibrosis of adjacent myocardium prevent myocardial repair and contribute to loss of pump function and susceptibility to arrhythmias (2) . The extracellular matrix (ECM) is a dynamic microenvironment that contributes to adverse ventricular remodeling after MI, via activation of profibrotic pathways and matrix metalloproteinases that enhance collagenase activity (3) . Phenotypically transformed fibroblast-like cells, termed myofibroblasts, are primarily responsible for fibrous tissue formation at the site of infarction (4) . Thus, reversal of this process represents an important therapeutic target in post-MI management and heart failure.
Recently, we and others described key roles of microRNAs (miRNAs) in cardiac hypertrophy and heart failure, pointing to a new mode of regulation of cardiac disease (5) (6) (7) (8) (9) (10) (11) (12) . MiRNAs are short, Ϸ22-nucleotide RNAs that modulate gene expression by base pairing with the 3Ј untranslated regions (UTRs) of mRNAs and inhibiting translation or promoting mRNA degradation (13) . Targeting of a miRNA to a mRNA requires a ''seed'' sequence consisting of seven nucleotides at the 5Ј end of the miRNA. Additional sequence complementarity influences target recognition, as does secondary structure of surrounding regions of the mRNA (14, 15) . There are estimated to be as many as 1,000 miRNAs encoded by the human genome (16) . Individual miRNAs can target numerous mRNAs and individual mRNAs can be targeted by multiple miRNAs, providing vast regulatory potential.
In an effort to identify miRs with potential roles in post-MI cardiac remodeling, we examined the effect of surgical MI in mice on the expression patterns of miRs in the heart. Here, we describe a collection of miRs, referred to as MImiRs, which are dysregulated in mouse and human hearts after MI. Among these MImiRs, we found miR-29 to be dramatically down-regulated in the region of the fibrotic scar after MI. We show that miR-29 acts in cardiac fibroblasts to negatively regulate a plethora of mRNAs encoding various collagens and other extracellular matrix proteins in vivo and in vitro. The down-regulation of miR-29 provides a mechanistic basis for cardiac fibrosis and suggests that strategies to enhance miR-29 expression may have therapeutic value in the setting of post-MI cardiac remodeling and other disorders associated with tissue fibrosis.
Results

Identification of MImiRs.
In an effort to identify miRNAs involved in post-MI remodeling, we induced MI by occlusion of the left coronary artery (LCA) and compared miRNA expression profiles in mouse hearts 3 and 14 days after MI in both the border zone of the infarcted region and the noninfarcted (remote) myocardium with the miRNA expression profile of sham-operated animals [ Fig.  1 A and B, supporting information (SI) Fig. S1 , and Tables S1 and  S2 ]. Among 569 individual miRNAs represented on the microarrays, 40 miRNAs were significantly regulated in the border zone of the infarcted region 3 days after MI (17 miRNAs showed an increase in expression Ն2-fold and 23 miRNAs showed a Ն2-fold decrease in expression). In addition, 22 miRNAs appeared to be changed in the remote myocardium (12 miRNAs showed an increase in expression Ն2-fold, and 10 miRNAs showed a Ն2-fold decrease in expression) (Tables S1 and S2 ). Two weeks after MI, 69 miRNAs were regulated Ն2-fold in the border zone of the infarcted region, whereas 40 miRNAs showed a Ն2-fold change in the remote myocardium (Tables S1 and S2 ). The array data were confirmed by real-time PCR analysis, using miRNA-specific probes (Fig. 1C) .
To examine the regulation of these miRNAs in human hearts, we obtained cardiac tissue from the border zone of the infarcted region from patients receiving cardiac transplant. Real-time PCR analysis confirmed that several of the regulated miRNAs in the murine MI model were regulated similarly in human hearts. MiR-21, miR-214, and miR-223 showed a striking increase in expression in the border zone of the infarct, whereas we found miR-29b and miR-149 to be significantly down-regulated (Fig.  1D) . Northern blot analysis of miR-21 verified the real-time expression data (Fig. 1E) . These results reveal a collection of miRNAs, which we refer to as MImiRs, which are dysregulated during cardiac remodeling in response to ischemia. Down-regulation of miR-29 Expression After MI. Among the MImiRs, all three members of the miR-29 family were downregulated in response to MI. This miRNA family consists of three members expressed from two bicistronic miRNA clusters. MiR29b-1 is coexpressed with miR-29a, whereas the second copy of miR-29b (miR-29b-2) is coexpressed with miR-29c. All family members share a conserved seed region and miR-29a and miR-29c differ by only one base from the miR-29b sequence (Fig. S2) . Northern blot analysis of multiple mouse tissues indicated a comparable expression pattern for all three miR-29 family members with highest expression in the lung, kidney, and heart ( Fig. 2A) . By isolating cardiac myocytes and fibroblasts, we found that miR-29 was expressed preferentially in the fibroblast population. Compared with the expression level in cardiomyocytes, either kept in serum-free medium or stimulated with the hypertrophic agonist phenylephrine (PE), the level of expression of miR-29 family members was 5-to 12-fold higher in cardiac fibroblasts (Fig. 2B) .
Cardiac fibrosis is a major aspect of the remodeling process after MI (17) . The proliferation of fibroblasts and increased deposition of ECM components results in myocardial stiffness and diastolic dysfunction. Transforming growth factor beta (TGF␤) has been shown to play a dominant role in the production and deposition of collagens in the heart and induces a transformation of fibroblasts into myofibroblasts (18) . Real-time PCR analysis on cardiac fibroblasts exposed to TGF␤ revealed a decrease in miR-29 expression, suggesting that the decrease in miR-29 after MI might be TGF␤-regulated (Fig. 2C) .
Northern blot analysis of miR-29b expression in both the border zone of the infarcted area and the remote myocardium in four different animals verified a consistent decrease in expression in response to MI. Compared with the baseline level and the expression in the remote myocardium, the level of miR-29b was consistently down-regulated in the border zone 3 days after MI (Fig. 2D) . Real-time RT-PCR analysis further confirmed the decrease in expression of all three members of the miR-29 family within 3 days after MI. However, by day 14, when the infarct had healed and secondary remodeling was underway, miR-29 expression remained decreased in the border zone adjacent to the infarct (Fig. 2E ).
MiR-29
Regulates the Expression of Fibrotic Genes. To begin to define the possible functions for miR-29 in the heart after MI, we made use of computational predictions to identify possible miR-29 targets. The Targetscan prediction program indicated an unexpectedly high number of fibrosis-related mRNAs encoding collagens, metallopeptidases, and integrins as possible targets for miR-29 (www.targetscan.org). To determine whether the down-regulation of miR-29 might regulate cardiac fibrosis, we focused on predicted targets implicated in ECM production in heart. Elastin (ELN), fibrillin 1 (FBN1), collagen type I, alpha 1 and 2 (COL1A1, COL1A2) and collagen type III, alpha 1 (COL3A1) all contain one or more conserved potential seed sequences for miR-29 (Fig. S3A) .
Because miRNAs down-regulate the steady state levels, and Real-time PCR analysis shows the regulation of miRNAs in human heart samples in response to MI compared with nonfailing hearts (n ϭ 5-6, NF ϭ nonfailing, MI ϭ myocardial infarction). * , P Ͻ 0.05 compared with nonfailing hearts. (E) Northern blot analysis of three nonfailing human hearts and five human hearts after MI indicates a consistent increase in miR-21 in the borderzone of human heart samples in response to MI.
the translation, of their target mRNAs (19, 20) , we analyzed the expression of predicted miR-29 mRNA targets in cardiac samples 3 days after MI by real-time RT-PCR. As shown in Fig. 3A , the down-regulation of miR-29 correlated with the up-regulation of COL1A1, COL1A2, COL3A1, and FBN1 in the infarcted region. ELN expression was unchanged in the border zone but increased in the remote myocardium (Fig. 3A) . Using a CMV-driven expression plasmid, we overexpressed miR-29b-1 and miR-29a in COS cells (Fig. S3B ) with luciferase expression plasmids containing the 3Ј-UTRs of the predicted miR-29 targets. Increasing amounts of CMV-driven miR-29b-1/miR-29a resulted in a dose-dependent decrease in luciferase activity, whereas comparable amounts of a miR-206 expression plasmid, as a negative control, had no effect (Fig. 3B and Table  S3 ), substantiating these mRNAs as targets for repression by miR-29.
Inhibition of miR-29 in Vivo Induces Collagen mRNA Expression. To further explore the potential role of miR-29 as a negative regulator of collagen expression, we knocked down miR-29b in vivo, using cholesterol-modified oligonucleotides (21, 22) complementary to the mature miRNA sequence of miR-29b (antimiR-29b) and either saline or an oligonucleotide containing a four base mismatch (mm miR-29b) as a negative control (Fig.  S4) . Three days after a single tail vein injection of anti-miR-29b (80 mg/kg), we observed a dramatic diminution of miR-29b expression in all tissues examined (Fig. 4A) . In contrast, a comparable dose of the mm miR-29b oligonucleotide had no effect on the expression level of miR-29b compared with the saline control. Knockdown by anti-miR-29b appeared to be specific to the mature miRNA, because the level of premiRNA remained comparable between anti-miR and mm treated animals. Although the knockdown in the liver and kidney appeared to be nearly complete, a low level of miR-29b remained detectable in the heart and lung (Fig. 4A) .
Because the other miR-29 members share high sequence homology with miR-29b, we also examined the expression of miR-29a and -c in response to miR-29b anti-miR. Although we could detect a significant knockdown in liver and kidney (especially for miR-29c), cardiac expression did not appear to change (Fig. S5) . Real-time PCR analysis indicated that miR-29b knockdown was sufficient to cause the up-regulation of collagen mRNAs in the liver, whereas this effect was absent in the mismatch controls (Fig. 4B) . These data indicate that miR-29 indeed functions as a negative regulator of collagen gene expression in vivo and thereby influences collagen deposition and fibrosis.
To enhance cardiac knockdown, we injected 80 mg/kg of oligonucleotide on two consecutive days and collected tissues 3 weeks later. Northern blot analysis indicated complete knockdown of miR-29b in kidney and liver in response to anti-miR-29b compared with the expression level seen after mm miR-29b injection. Cardiac levels of miR-29b were also reduced, whereas the expression of miR-29b in lung appeared unaffected by anti-miR-29b (Fig. 4C) . Collagen expression in the heart was modestly increased in response to miR-29b inhibition (Fig. 4D) . We believe the greater induction of collagen expression in the liver compared with heart reflects, at least in part, the reduced efficiency of miR-29 knockdown in the heart by anti-miR-29b.
Down-Regulation of Collagen mRNA Expression with a miR-29 Mimic.
To determine whether overexpression of miR-29 was capable of reducing collagen expression, we exposed fibroblasts to a miR29b mimic. The level of miR-29b expression in fibroblast cultures increased by as much as 400-fold after 3 days of exposure to miR-29b mimic (Fig. 4E) . miR-29a expression was unaffected and miR-29c expression was increased only slightly by miR-29b mimic (Fig. 4E) . Real-time PCR analysis indicated that the expression of collagen transcripts was diminished in response to miR-29b mimic (Fig. 4F) . However, the magnitude of the decrease in collagen expression was modest compared with the increase in expression of miR-29b, suggesting that miR-29 levels are not the sole determinant of collagen mRNA expression (see Discussion).
Discussion
The results of this study reveal a collection of miRNAs that are dysregulated in the heart during post-MI remodeling. Among these MImiRs are members of the miR-29 family, which are predicted to function as inhibitors of numerous mRNAs involved in ECM production and fibrosis. Members of the miR-29 family are also down-regulated in response to pressure overload and chronic calcineurin signaling (9), pathological stimuli also associated with cardiac fibrosis. A model to account for the role of miR-29 as a regulator of fibrosis is shown in Fig. 5 .
Our results show that miRNAs are dynamically regulated in different regions of the heart during post-MI remodeling. Several of these MImiRs were shown to be involved in hypertrophic cardiac remodeling (4) (5) (6) 8) , including miR-15b, -21, -199, and -214, which are up-regulated, and miR-29c and -150, which are down-regulated. Because infarct healing is a dynamic process involving specific regional and temporal changes in cardiomyocyte hypertrophy, apoptosis, and fibrosis, the dynamic regulation of these miRNAs in different regions of the heart likely contributes to the many aspects of the remodeling response.
Control of Fibrosis by miR-29.
The precise mechanisms that lead to repression of miR-29 expression after MI and other forms of cardiac stress remain to be determined, but our results indicate that TGF␤, a major regulator of cardiac fibrosis (18) , can repress miR-29 expression. In addition to collagen deposition at the site of tissue damage after MI, there is enhanced collagen deposition distal to the infarct, which causes diastolic stiffness (23) . Because of its role in fibrosis, there have been numerous efforts to therapeutically target TGF␤. However, this has been problematic because of additional functions of TGF␤, for example, in the immune response. The ability of miR-29 to coordinately regulate such a broad collection of mRNAs with roles in fibrosis and ECM remodeling illustrates the potential of miRNAs to control complex cellular processes. Stress-provoked secretion of BNP from cardiomyocytes has been shown to counteract TGF␤ signaling (24) . In this regard, it seems feasible that signaling by BNP from cardiomyocytes to cardiac fibroblasts serves to modulate miR-29 expression.
In addition to targeting components of the ECM, miR-29b has been shown to be induced during type II diabetes and to repress insulin-stimulated glucose uptake in adipocytes (25) . Other demonstrated targets of miR-29 include the DNA methyltransferases (DNMT)3A and -3B (de novo methyltransferases), two key enzymes involved in DNA methylation, that are frequently up-regulated in lung cancer and associated with poor prognosis (26) . Thus, miR-29 appears to regulate multiple gene expression programs.
Although our results suggest a key role for miR-29 in the control of cardiac fibrosis, it is important to note that there is not a direct one-to-one stoichiometric relationship between the levels of miR-29 and collagen expression. For example, a fewfold decrease in miR-29 expression after MI was accompanied by up to a 20-fold increase in collagen mRNA expression, whereas a miR-29 antagomir induced collagens only slightly. In addition, although we found a striking increase in expression of collagens and fibrillin mRNAs in response to MI, which coincides with miR-29 down-regulation, expression of elastin, another miR-29 predicted mRNA target, was unaffected. These findings indicate that the presence of a miRNA binding site is not the sole determinant of mRNA targeting by miR-29 and suggest that additional regulatory steps are involved in the actions of miR-29 and in the control of fibrosis. We speculate that stress signals augment the actions of miR-29, as has been shown for other miRNAs. (reviewed in ref. 27 ). In addition, the moderate effect on collagen mRNA expression in response to miR-29 knockdown in the heart is very likely because of the relative inefficiency of cardiac knockdown, because the effect on collagen expression was much greater in the liver, where the knockdown was complete.
Therapeutic Opportunities. Cardiac fibrosis, which results in stiffening of the ventricular walls, diminished contractility, and abnormalities in cardiac conductance, is a common consequence of numerous forms of heart disease, including pathological hypertrophy, volume overload, and MI (28) . Fibrosis is also commonly associated with numerous other tissue disorders, such as liver, kidney, and lung disease. (reviewed in ref. 29) While this work was being completed, another study reported the involvement of miR-29c in fibrosis of nasopharyngeal carcinomas (30) . In this case, down-regulation of miR-29 was postulated to contribute to tumor cell invasiveness and metastatic potential, which involve alterations in the ECM and cell migration.
Our results suggest that the down-regulation of miR-29 contributes to cardiac fibrosis and that strategies to maintain miR-29 expression may be beneficial in the settings of fibrotic diseases. In this regard, miR mimics might represent an effective means of elevating miR-29 expression and thereby diminishing fibrosis. Alternatively, pharmacological inhibitors to prevent the downregulation of miR-29 expression during fibrosis also represent an intriguing therapeutic approach.
Materials and Methods
Surgical Procedures. All animal protocols were approved by the Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center. Adult C57BL/6 male mice were subjected to myocardial infarction or sham surgery. See SI Materials and Methods for more detailed information.
Histological Analysis and RNA in Situ Hybridization. Tissues used for histology were incubated in Krebs-Henselheit solution, fixed in 4% paraformaldehyde, sectioned, and processed for hematoxylin and eosin (H&E) and Masson's Trichrome staining or in situ hybridization by standard techniques (31) .
Microarray for miRNAs. For the miRNA microarrays, total RNA was prepared by using TRIzol, and RNA samples were analyzed by LC Sciences on their microarray platform with a probe set based on Sanger software, Version 9.0. See SI Materials and Methods for more details. Cell Culture, Transfection and Luciferase Assays. A 1793-bp genomic fragment encompassing miR-29b-1 and miR-29a coding region was amplified by PCR and ligated into pCMV6. Genomic fragments of the murine 3ЈUTR encompassing the miR-29 binding site(s) were PCR-amplified and ligated into the firefly luciferase (f-luc) reporter construct (pMIR-REPORTTM; Ambion) (see Table S3 for primer sequences). COS cells were transfected with Fugene 6 (Stratagene) according to manufacturer's instructions. The total amount of DNA per well was kept constant by adding the corresponding amount of expression vector without a cDNA insert. Forty-eight hours after transfection, cell extracts were assayed for luciferase expression, using the luciferase assay kit (Promega). Relative promoter activities are expressed as luminescence relative units normalized for ␤-galactosidase expression in the cell extracts.
Cardiac fibroblasts (CFs) were isolated as described in ref. 32 . Myofibroblast differentiation was induced by changing the medium to low serum (2% FBS) with L-ascorbic acid (10 g/l) and administration of 10 ng/ml TGF␤1 for 48 h. See SI Materials and Methods for more details.
In Vivo miR-29b Modulation by Synthetic Oligonucleotide Treatment. Chemically modified oligonucleotides comprising a sequence complementary to the mature miR-29b (anti-miR 29b) were used to inhibit miR-29b activity. All nucleosides were 2Ј-OMe modified, the 5Ј terminal two and 3Ј terminal four bases contained a phosphorothioate internucleoside bond, and the molecules contained 3Ј cholesterol attached via a hydroxyprolinol linker. The miR-29b mimic is a double stranded construct consisting of guide and passenger strands. The guide strand contains 2Ј F nucleosides at every pyrimidine residue, two 3Ј terminal phosphorothioate linkages and is chemically phosphorylated on the 5Ј terminus. The passenger strand contains two 5Ј terminal 2Ј OMe residues and two 3Ј terminal phosphorothioate bonds. Cholesterol is attached to the 3Ј end of the passenger strand through a hydroxyprolinol linker. Eight-week-old C57BL/6 male mice received either anti miR-29b, mismatch van miR-29b or mimic of miR-29b at a dose of 80 mg/kg body weight or a comparable volume of saline through tail vein injection. Tissues were collected either 3 days or 3 weeks after treatment.
Animal Care. All animal procedures were approved by the Institutional Animal Care and Use Committee at University of Texas Southwestern Medical Center.
